Aim: Although a thin endometrium has been well recognized as a critical factor in implantation failure, little information is available regarding the molecular mechanisms.
| Transcriptome analysis
The total RNAs were isolated from the tissues by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and they were reverse-transcribed by using a QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA), according to the manufacturer's protocol. The transcriptome analysis gene expression was analyzed by using a GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) that contained 54 120 probes supporting 18 599 genes, as previously reported. 9, 10 Briefly, the target cDNA was prepared from 200 ng of total RNA with the Ambion WT Expression kit (Ambion, Austin, TX, USA) and the Affymetrix GeneChip WT Terminal Labeling kit (Affymetrix). Hybridization to the microarrays, washing, staining, and scanning were performed by using the GeneChip system (Affymetrix), Control, normal-thickness endometrium; LMP, last menstrual period; thin, thin endometrium.
for the hierarchical clustering analysis and principal component analysis (PCA). Those genes whose expressions in the thin and normal endometrium differed by at least a factor of 2 and that had a false discovery rate of <.05 were judged as showing a significant difference.
| Bioinformatics
A hierarchical clustering and a PCA were conducted in R v. 3.2.4.
11
DAVID Bioinformatics Resources v. 6.7 (http://david.abcc.ncifcrf.
gov/home.jsp) was used to determine whether the functional annotation of the differentially expressed genes was enriched for specific Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. 12 Statistical significance was assessed with a modified Fisher's exact test. In the GO and KEGG analyses, P<.01 and P<.05, respectively, were considered to indicate significant enrichment. All the information from the GO and KEGG pathway analyses is shown in Tables S1-S4. Figure 1 shows the mRNA expression profiles in the thin and normal endometrial tissues (n=3 for each). The hierarchical dendrogram clearly separated the thin and the control endometria. The PCA ( Figure 2 ) also clearly separated the thin and the control endometria.
| RESULTS

| Comparison of the whole mRNA expression profiles of the normal and thin endometrial tissues
| Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses of the upregulated genes in the thin endometrium
In the thin-endometrium group, 318 genes were up-regulated and 322
genes were down-regulated, compared to the control endometrium group (Tables S5 and S6 ). The up-regulated genes in the thin endometrium were related to immunity processes, such as the "response to external stimulus," "defense response," "leukocyte mediated immunity," "immune response," "immune effector process," and "regulation of immune system process" (Tables 2 and S1 ). These GO terms T A B L E 2 Gene ontology analysis for the genes that were up-regulated in the thin endometrium CD38, CORO1A, CD55, MYO10, RGS1, IL20RB, ADM, CAMK4,  CXCL13, C1RL, TREM1, XCL1, KIR3DL1   GOTERM_BP_FAT  Immune effector process  34  2.07E-07  DPF3, PRF1, RBP4, KLRC2, PMAIP1, TRDC, C1S, CD96, IRAK3, RAC2,  RASGRP1, IFNG, LBP, CFI, MX1, FCGR3B, KLRD1, PTPRC, VAV3,  AIMP1, CFB, LMCD1, GZMB, NR4A3, CD84, MYO10, CD55,  CORO1A, IL20RB, CAMK4, C1RL, TREM1, XCL1, KIR3DL1   GOTERM_BP_FAT  Regulation of immune  system process   46  1.96E-06  DPF3, RBP4, RBP1, CCR1, CXCL2, C1S, TRDC, ZEB1, CCL4, FOS,  IRAK3, CD96, CDKN2A, RAC2, APOD, RASGRP1, IFNG, VNN1, LBP,  CFI, FCGR3B, KLRD1, DPP4, ZFP36, PTPRC, VAV3, SOCS3, CFB,  LMCD1, NR4A3, PRKCB, CD84, CD38, CD55, MYO10, CORO1A,  CAMK4, IL20RB, SLC7A2, CXCL13, C1RL, TREM1, XCL1, KIR3DL1,  KIR2DL4, KIR3DL2   GOTERM_CC_FAT  Extracellular space  47  2.70E-06  RBP4, FGF18, NRP1, CXCL2, IL19, MMP7, FASLG, GAST, C1S, TRDC,  SFN, CCL4, MTHFD2, APOD, IFNG, SLC2A1, LBP, CFI, ANGPT2,  QSOX1, SRGN, F11, AIMP1, CFB, GNLY, HSPG2, LMCD1, IGFALS,  COL25A1, CTSW, PROM1, MMP10, TNFAIP6, DKK1, THBD, ADM,  SERPINB5, CXCL13, FABP3, C1RL, CMTM7, VCAN, IGFBP1, CP GOTERM_BP_FAT  Locomotion  45  1.59E-05  ARSB, ZFAND5, FGF18, NRP1, CCR1, CXCL2, FERMT1, CCL4, MMP1,  DNAH6, NPHP4, RAC2, APOD, IFNG, ROBO4, INPP5F, LBP,  DEPDC1B, ANGPT2, DPP4, PTPRC, SLC8A1, ST6GAL1, SATB2,  S100P, VAV3, AIMP1, KIF5A, NR4A1, DOCK7, DOCK8, NR4A3,  SLC7A11, PLAUR, CD84, MMP10, TNFAIP6, CORO1A, THBD,  CXCL13, SIX1, CMTM7, VCAN, TREM1, XCL1   GOTERM_BP_FAT  Cell activation  32  1.61E-05  PRF1, LEPR, ZEB1, TRDC, CDKN2A, RAC2, MYOCD, RASGRP1, IFNG,  VNN1, LBP, DPP4, BLNK, EGR1, PTPRC, IL2RB, VAV3, IKZF1,  DOCK8, NR4A3, SLC7A11, PRKCB, CD84, CD38, CORO1A, CD55,  THBD, IL20RB, CAMK4, 
included genes for interferon gamma (IFN-γ), cytotoxic T-lymphocyte proteinase 1 (GZMA) and 2 (GZMB), tumor necrosis factor ligand superfamily member 6 (FASLG), and tumor necrosis factor alpha (TNF-α)-induced genes, such as TNF-α-induced protein 2 (TNFAIP2) and 6 (TNFAIP6).
The KEGG pathways that were associated with these genes involved the pathways that were related to immunity, such as "natural killer cell mediated cytotoxicity," "complement and coagulation cascades," "antigen processing and presentation," "Graft-versus-host disease," and "allograft rejection" (Tables 3 and S2 ). These KEGG pathways also included IFN-γ, GZMB, and FASLG.
| Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses for the downregulated genes in the thin endometrium
The down-regulated genes in the thin endometrium were related to metabolic processes, such as "small molecule catabolic process,"
"single-organism catabolic process," "organic acid catabolic process," and "carboxylic acid catabolic process" (Tables 4 and S3 ).
The GO terms included genes for carnitine palmitoyltransferase I (CPT1), 3-hydroxy-3-methylglutaryl-coenzyme A (CoA) synthase 2 (HMGCS2), and 3-oxoacid CoA-transferase 1 (OXCT1), which are known to play important roles in generating energy in cells and tissues. [13] [14] [15] In addition, several of the down-regulated genes (peroxisome (Tables 4 and S1 ). These genes have essential roles in the response to oxidative stress. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Two KEGG pathways that have a strong association with the down-regulated genes are "butanoate metabolism" and "metabolic pathways" (Tables 5 and S2 ). These pathways include HMGCS2, OXCT1, XDH, IDH1, and CBR3.
| DISCUSSION
| Up-regulated genes in the thin endometrium
Although a thin endometrium is known to be involved in implantation failure, the mechanism has not been elucidated. The authors recently found that a high level of blood flow impedance of the uterine radial artery underlies a thin endometrium. 4 The present study investigated the cause of implantation failure in the thin endometrium by using Bold denotes gene names which are picked up in the results and discussion.
T A B L E 2 (Continued)
The GO analyses showed that the up-regulated genes in the thin endometrium included a number of genes that are related to immunity. In fact, a KEGG pathway analysis indicated that a number of genes related to natural killer cell cytotoxicity are up-regulated in thin endometria, suggesting the presence of a cytotoxic condition.
Aberrant immunological factors play roles in recurrent miscarriage
and implantation failure. 6, 26, 27 Interestingly, 56.6% of the patients who experienced embryo implantation failures showed local immune overactivation in the endometrium at the mid-luteal phase. 6 An influx of immune cells and a switch of local immunity from the adaptive (Th1) type to the innate (Th2) type have been observed during the implantation window. 6, 28 The Th2 cytokines allow the development of local mechanisms that promote immunotrophism and also downregulate the inflammation and cytotoxic pathways. 
| Down-regulated genes in the thin endometrium
The GO analyses indicated that the down-regulated genes included a number of genes related to catabolic processes, which are essential in breaking down large molecules, such as polysaccharides, lipids, and proteins, into smaller units, such as monosaccharides, fatty acids, and amino acids. These small units are used to synthesize acetylCoA, which is needed to produce adenosine 5′-triphosphate in the citrate cycle. Acetyl-CoA is also used for the synthesis of ketone bodies, which can be an energy source. The KEGG pathway analysis showed that the genes related to butanoate metabolism were downregulated in the thin endometrium. Genes, such as CPT1, HMGCS2, and OXCT1, are essential for generating acetyl-CoA and ketone bodies in butanoate metabolism. [13] [14] [15] Butanoate is a substrate that is used to generate energy in both aerobic and anaerobic processes. The present findings suggest that energy synthesis in the cell is impaired in the thin endometrium. The deficiency of energy could be associated with cellular dysfunction in the endometrium, resulting in implantation failure.
The GO analyses also identified a number of genes related to oxidation-reduction processes. These genes included PPAR-γ, XDH, CBR3, IDH1, and CPT1, which have essential roles in the cellular responses to oxidative stress. The activation of PPAR-γ is an important factor in the protection against oxidative stress in cells, such as vascular endothelial cells and cardiomyocytes. 16, 17, 20, 21, 24, 25 Xanthine dehydrogenase reduces age-related oxidative stress in tissues and immune cells. 23 Carbonyl reductase 3 is regulated via NRF2-dependent signaling pathways and helps to alleviate oxidative stress. 18 Isocitrate dehydrogenase 1 acts as an antioxidant in melanocytes, 19 and when mutated, it sensitizes cells to oxidative stress. 36 Carnitine palmitoyltransferase I is involved in mitochondrial betaoxidation of long-chain fatty acids. 15 The inhibition of CPT1 leads to the generation of reactive oxygen species. 22 Oxidative stress in the endometrium has been associated with failures of embryo implantation and embryo development. 37 The fact that these anti-oxidative T A B L E 4 Gene ontology analysis for the genes that were down-regulated in the thin endometrium stress genes were down-regulated in the thin endometrium suggests that a decreased response to oxidative stress is associated with implantation failure.
In conclusion, the present study revealed that the thin endometrium possesses an aberrant Th1-pro-inflammatory/Th2-antiinflammatory balance and increased cytotoxic condition and that a protective response to oxidative stress is impaired. These aberrant molecular mechanisms in the thin endometrium might be associated with implantation failure. These findings could lead to better treatments for patients with implantation failure as a result of a thin endometrium. Research from the Ministry of Education, Science, and Culture, Japan, and the New Frontier Project of Yamaguchi University, Ube, Japan. T A B L E 5 Kyoto Encyclopedia of Genes and Genomes pathway analysis for the genes that were down-regulated in the thin endometrium
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